The identifi cation of pathological processes that could be targeted by therapeutic interventions is a major goal of research into multiple sclerosis (MS). Pathological assessment is the gold standard for such identifi cation, but has intrinsic limitations owing to the limited availability of autopsy and biopsy tissue. MRI has gained a leading role in the assessment of MS because it allows doctors to obtain an ante mortem picture of the degree of CNS involvement. A number of correlative pathological and MRI studies have helped to defi ne in vivo the pathological substrates of MS in focal lesions and normal-appearing white matter, not only in the brain, but also in the spinal cord. These studies have resulted in the identifi cation of aspects of pathophysiology that were previously neglected, including grey matter involvement and vascular pathology. Despite these important achievements, numerous open questions still need to be addressed to resolve controversies about how the pathology of MS results in fi xed neurological disability.
Introduction
Multiple sclerosis (MS) is an infl ammatory demyelinating disease that aff ects the CNS by causing focal lesions in white and grey matter and diff use and unevenly distributed changes in normal-appearing tissue. Patho logical studies have helped to defi ne the hetero geneous pathological substrates of this disorder, with the ultimate goal of identifying processes that might be targeted by therapeutic interventions. Although patho logical assess ment is regarded as the gold standard for such research, it is usually done at late stages of the disease (autopsies) or in selected and partly atypical early cases (biopsies). Additionally, pathological assessment usually provides only one snapshot in time, and therefore does not allow observation of the evolution of pathological changes over time.
Owing to its sensitivity to MS-related abnormalities, non-invasiveness, reproducibility, and repeatability, MRI has become important for the assessment of patients with MS. Additionally, several quantitative magnetic resonance (MR) techniques have been developed and are being used to estimate the degree of focal and diff use CNS involvement in these patients. However, MRI provides only indirect infor mation about neurological disorders and therefore it is essential to show that MRI fi ndings correspond to pathological fi ndings.
In this Review, we describe regions in which pathological and MRI assessment have provided concordant fi ndings and regions with discrepancies for which additional research is needed, and discuss emerging pathological and MRI fi ndings that might together enhance our understanding of disease pathophysiology and, as a consequence, help us to identify reliable in vivo markers to monitor diff erent pathological aspects of MS. This material is drawn, in part, from presentations and discussions at an international workshop (Correlation between Pathological and MRI fi ndings in MS) held in Milan on June 10-11, 2011.
Focal lesions
The pathological hallmark of MS is focal demyelination in regions called plaques or lesions, which harbour variable degrees of infl ammation, demyelination, gliosis, and axonal injury. These are characteristic of the neuropathological diagnosis of the disease. On MRI using proton density and T2-weighted or fl uid-attenuated inversion recovery (fi gure 1) scans, however, MS lesions appear as non-specifi c focal areas of signal increase and, therefore, resemble many other types of pathology. Charac teristic features become more evident when we consider lesion appearance, location, and signal behaviour with additional MRI sequences. MS lesions in the brain are commonly round or ovoid and range from a few mm to more than 1 cm in size. Irregular areas of signal hyperintensity result from confl uence of perivenular lesions. The site of lesions is crucial, because both pathological and MRI fi ndings have shown that MS lesions have a high propensity to locate in the brainstem, cerebellum, and periventricular white matter. 1 Around 10-30% of T2 hyperintensities are also seen on mildly T1-weighted spin-echo images as areas of low signal intensity compared with normal white matter. In the acute phase, T1 hypointensity is probably a consequence of marked oedema and demyelination with or without matrix destruction and can completely disappear as infl ammation abates. By contrast with these acute T1-hypointense lesions, chronic foci of T1 hypointensityso-called persisting black holes (fi gure 1)-indicate areas with pathologically confi rmed severe tissue destruction. 2 Large plaques and ring-enhancing lesions are more likely to evolve to T1 hypointensity in both the acute and chronic stages of MS than smaller plaques.
Pathological insights into MS lesions are mainly based on studies of archival autopsy tissues from individuals with longstanding chronic progressive MS (when relapses and MRI activity are not a prominent feature of the disease) or with early MS (when relapses and MRI infl ammatory activity are common) in whom the diagnosis, initially in question, was obtained via biopsy, or who died during a fulminant attack. Despite atypical clinical and MRI presentations, some evidence suggests that biopsy or autopsy data from patients with an aggressive course of MS can be extrapolated to the prototypic general MS population. 3 The acute active MS Conventional MRI can distinguish between acute or active and chronic or non-active lesions, but this separation is based primarily on the evidence of bloodbrain barrier breakdown as indicated by contrast enhancement (fi gure 1). This distinction is somewhat arbitrary because several factors aff ect enhancement: gadolinium (Gd) dose, the delay and characteristics of image acquisition, and steroid treatment of acute attacks. 4 Contrast enhancement persists for 2-6 weeks. Monthly MRI might therefore underestimate the degree of disease activity, since weekly MRI scanning suggests that a relatively large proportion of MS lesions have very shortlived enhancement. 5 The enhancement pattern is variable: nodular or dense, ring-like or arc-like, and usually centripetal. These patterns probably depend on the size and intensity of the infl ammatory area and the delay between injection of the contrast agent and scanning. They can change over time in the same lesion within minutes, because of the diff usion of the tracer, and over days, which is indicative of dynamic changes in lesion development. 6, 7 Both pathological and MRI data suggest that MS lesions evolve diff erently during early versus chronic disease phases, and, within each phase, diff erent types and stages of demyelinating activity are evident pathologically. A stringent defi nition of demyelinating activity within a plaque can be obtained by studying the myelin degradation sequence within macrophages: lesions are defi ned as early active, late active, inactive, early remyelinated, and late remyelinated. 8 Several plaque subtypes can be distinguished on the basis of the presence and distribution of myelin-laden macrophages within MS lesions: acute active (macrophages contain early and late degradation products throughout the entire lesion, fi gure 1); chronic active (macrophages accumulate at the plaque edge, diminishing towards its inactive centre, fi gure 1); smouldering or slowly expanding (few myelin-laden macrophages present at the plaque edge); inactive (demyelinated hypocellular lesions without macrophages); and shadow (remyelinated) plaques. Active plaques predominate in acute and relapsing MS and might be the pathological substrate of clinical attacks. Inactive plaques and smouldering or slowly expanding plaques pre dominate in chronic progressive MS and slowly expanding plaques might contribute to progression. Shadow plaques are found in both relapsing and progressive MS. Whereas active MS lesions generally are assumed to show Gd enhancement, importantly, enhancement is probably absent in slowly expanding lesions in the progressive stages. Pathological studies have shown that in progressive MS infl ammation and active tissue injury frequently occur in the absence of blood-brain barrier leakage. 9 Detailed MRI-pathological correlations regarding these issues do not exist. However, this gap is at least partially fi lled by MRI studies using ultra-small super paramagnetic particles of iron oxide (USPIO, panel). USPIO enhancement was seen in areas without signal changes on T2-weighted images, sometimes in the absence of Gd enhancement, suggesting prelesional accumulation of monocytes preceding or independent of lesion formation. It often extended for a long time beyond Gd enhancement, which is the present marker for active lesions. 10 These data suggest that infi ltration of macrophages (and possibly lymphocytes) into the brain occurs through diff erent mechanisms from blood-brain barrier damage. Also, some lesions that enhance with USPIO tend not to develop into persistent black holes, showing the pluriformity of infl ammation and its potential contribution to tissue repair. Whether the use of USPIO provides additional clinically relevant infor mation regarding disease activity in the brain of patients with MS is unclear.
A profound pathological heterogeneity of early active plaques in diff erent patients with MS has been recorded; the injury target and mechanisms of demyelination are diff erent in disease subgroups and at diff erent disease stages with four distinct immunopatterns being described. 11 Distinctive corresponding patterns on MRI are not evident. Immunopattern heterogeneity seems to be recorded in the early stages of the disease but how long it persists into the chronic phase is not yet known. With disease chronicity, heterogeneous immunopatterns might converge into a homogeneous pattern that contributes to disease progression in the absence of ongoing relapses.
Diff usion tensor imaging (DTI) and magnetisation transfer imaging (MTI, panel) can quantify and characterise tissue changes on MRI (oedema, de myelination, tissue destruction) before, during, and after the evolution of a new MRI-detected lesion. Unfortunately, these abnormalities cannot yet be linked to specifi c pathophysiological substrates and can be detected only by analysis on a group level. 12 Substantial evidence, however, suggests that such abnormalities go beyond the presence of oedema. Parallel and supportive information comes from proton MR spectroscopy (¹H-MRS, panel), which has shown lipid peaks in normal-appearing white matter that might be associated with myelin breakdown before the development of an MS lesion with conventional MRI. 13 Additional insights into the characteristics of MS lesions have been obtained from iron-sensitive MRI sequences, especially at very high fi eld strengths.
14 These techniques have confi rmed the presence of a peripheral ring of iron deposition around many acute, but also chronic MS lesions. 15 Direct correlation between highfi eld MRI (7·0 Tesla [T] ) and pathology showed a close match regarding iron deposition with these diff erent approaches. Iron was present in the normal-appearing white matter predominantly within oligodendrocytes, whereas in active MS lesions it accumulated in macrophages at the edges of lesions. Additionally, perivascular iron deposits were seen, probably indicative of impairment of vascular permeability. 
Normal-appearing white matter
Normal-appearing white matter has been defi ned pathologically as macroscopically normal white matter that is microscopically normally myelinated and at least 1 cm away from a plaque's edge. 17 This matter has to be diff erentiated from diff usely abnormal or dirty-appearing white matter, which includes areas of diff use myelin pallor with ill-defi ned borders. Nowadays, diff use pathology in the MS brain might be a more appropriate defi nition than focal lesional pathology. The diff use pathology of normalappearing white matter was originally described in 1979. 17 Only 27·8% of the specimens of this matter were microscopically normal. The major histological abnormalities included gliosis, demyelination, small round cell infi ltration, and the presence of macrophages. Besides these observations, microglial activation, sometimes in clusters of microglial cells with increased expression of MHC class I and II molecules, is also a prominent feature. These foci of microglial activation have also been designated as preactive lesions when they were identifi ed as T2 hyperintense lesions on post-mortem MRI scans. 18 Axonal density is decreased in normal-appearing white matter by 12 -42%, depending on the area studied, when analysed in specifi c tracts of the spinal cord or the corpus callosum. 19, 20 Whether this reduction in axons is attributable to Wallerian degeneration after axonal tran sections in focal lesions or is an independent process has not been clarifi ed. The same holds true for the prominent astrocyte activation seen in normal-appearing white matter (fi gure 2). Whether astrocyte activation is a protective or harmful process and whether it is a secondary or an initial primary event preceding lesion development is unclear. However, diff use pathological abnormalities in the MS brain consisting of infl ammation, microglial and astrocyte activation, myelin loss, and axonal damage correlate with the extent of cortical lesions but not with white matter lesion load. 21 Pathologically, dirty-appearing white matter consists of extensive axonal loss, decreased myelin density, and chronic fi brillary gliosis, all of which are abnormal compared with normal-appearing white matter and diff erent from focal white matter pathology. 22 The results of a correlative MRI-pathology study have shown that with MRI, dirty-appearing white matter is a signal intensity on T2-weighted images that is higher than in the Review surrounding normal-appearing white matter, but lower than in focal white matter lesions. 22 MTI and DTI values in dirty-appearing white matter similarly show intermediate abnormalities. 23 MRI-defi ned normal-appearing white matter can be assessed from single or multiple MRI methods (eg, T2-weighted, T1-weighted, MTI, DTI). The sensitivity of MRI to pathology aff ecting proton environments results in MRI-defi ned normal-appearing white matter that does not strictly colocalise with normal-appearing white matter determined by pathology. MRI-guided histopathology of normal-appearing white matter has revealed axonal injury 2 and shown how it varies with other pathological characteristics depending on magnetisation transfer ratio (MTR, panel) and lesion proximity. In truly normalappearing white matter (defi ned as normal on T1-weighted, T2-weighted and MTR scans) microglia were activated despite the absence of axonal pathology or myelin loss. 24 In nearly normal-appearing white matter (normal T1-weighted and T2-weighted, slightly reduced MTR), activated microglia were enlarged, no myelin loss was found, and axonal pathology was recorded only close to white matter lesions (suggesting a correspondence to pathologically defi ned dirty-appearing white matter). 24 The association between the slight MTR reduction and the increase in activated microglia, in addition to the association between a substantial MTR reduction and decreased myelin density, support MTR as a marker of tissue damage. MTR reduction in normal-appearing white matter and focal lesions is not related to the extent of gliosis, and it is more pronounced in demyelinated than in remyelinated lesions. 25 DTI might complement MTI in the quanti fi cation of the severity of tissue damage. In post mortem brains, relatively high correlations (r from -0·81 to 0·70) have been recorded between abnormalities of DTI indexes (ie, fractional anisotropy and mean diff usivity, panel) and myelin content and axonal count in the normal-appearing white matter and white matter lesions, with correlations being higher for anisotropy than for diff usivity indexes. 
Panel: Glossary of imaging terms DIR (double inversion recovery) sequence
Two inversion times are used to suppress the signal from both white matter and CSF, yielding images that show superior delineation of grey matter; thus, the contrast is attributable to diff erences in T1 relaxation times between grey matter and CSF, and between grey and white matter.
DTI (diff usion tensor imaging)
Technique that allows in-vivo measurement of the molecular diff usion of water. A full characterisation of diff usion can be found in terms of a tensor, a 3×3 matrix, in which the on-diagonal elements represent the diff usion coeffi cients along the axes of the reference frame, while the off -diagonal elements account for the correlations between molecular displacement along orthogonal directions.
DT (diff usion tensor) MRI tractograpy
DT MRI tractography exploits the fact that axonal structures constitute a barrier to water diff usion, making it freer along the axis of a fi bre than perpendicular to it. By tracking the principal diff usion direction, the direction of the primary eigenvector of the DT, the fi bre bundle pathways can be reconstructed. DT MRI tractography is a promising technique for in vivo segmentation of the major fi bre bundles in brain white matter.
FA (fractional anisotropy)
Scalar index derived from DTI that shows the degree of alignment of cellular structures within fi bre tracts, and their structural integrity.
¹H-MRS (proton magnetic resonance spectroscopy)
Magnetic resonance (MR) technique that records signals from metabolites that are present in tissues at low concentrations. Resonances in MR spectra are identifi ed primarily by their frequency (ie, position in the spectrum). The signal intensity (or amplitude) of each resonance (or spectral peak) is usually determined by the area under the peak and is a function of the number of nuclei that contribute to the peak in any particular volume element (voxel) of tissue. Thus the resonance intensity is proportional to the concentration (or density) of the metabolite in the voxel.
MD (mean diff usivity)
Scalar index derived from DTI equal to a third of the trace of the diff usion tensor, which is aff ected by cellular size and integrity.
MTI (magnetisation transfer imaging)
MTI is based on the interactions between protons in a relatively free environment and those where motion is restricted. Off -resonance irradiation is applied, which saturates the magnetisation of the less mobile protons, but this magnetisation is transferred to the mobile protons, thus reducing the signal intensity from the observable magnetisation.
MTR (magnetisation transfer ratio)
Quantitative index derived from MTI. Low MTR indicates a reduced capacity of the macromolecules in the CNS to exchange magnetisation with the surrounding water molecules.
USPIO (ultra-small superparamagnetic particles of iron oxide)
Contrast agents composed of iron particles, known as ultra-small particles of iron oxide.
Review
Normal-appearing white matter damage quantifi ed using DTI correlates only partly with the extent of focal lesions and the severity of intrinsic lesion damage, [27] [28] [29] which suggests that diff usivity changes in normalappearing tissues are not entirely dependent on retrograde degeneration of axons that are transected in T2-visible lesions. MTI and DTI are also useful for assessment of the evolution of normal-appearing white matter damage in MS, 12 so their application in monitoring of the evolution of MS-related demyelination and axonal loss over time seems to be promising for possible future trials of neuroprotective therapies. Several approaches have been developed to assess the involvement of normalappearing white matter at a regional level with MRI techniques, including voxel-wise methods and diff usion tensor tractography (panel). These approaches quantify the structural integrity of selected white matter tracts, and yield improved correlations with clinical manifestations of the disease.
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Grey matter
Grey matter demyelination can be very extensive in MS, especially in the chronic phase of the disease. 21, 33 In terms of histopathology, grey matter lesions are diff erent from white matter lesions: they frequently show little T-cell infl ammation 34 or disruption of the blood-brain barrier 35 with leakage of plasma proteins. The description of a patient presenting with a clinically silent, incidentally found, and pathologically confi rmed active demyelinating solitary cortical lesion has suggested that the noninfl ammatory nature of chronic cortical demyelination might relate to long intervals between lesion formation and autopsy. 36 According to their location within the grey matter, diff erent types of lesions have been identifi ed.
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What causes these lesions is poorly understood, and several pathogenetic mechanisms are being investigated. 38 Glutamatergic excitotoxic processes in the white matter, disrupted intra-axonal transport, and mitochondrial dysfunction have the potential to lead to axonal damage and a dying-back axonopathy, with secondary eff ects in the cortex. Alternatively, cortical demyelination might be primarily related to meningeal infl ammation, 39 although this issue is still debated. 40 An extensive neuropathological study done with a large number of biopsies has shown that cortical demyelination is present and common early in MS, and that early cortical lesions are infl ammatory and topographically associated with meningeal infl ammation. 41 The distribution of demyelination throughout the cortex in MS is generally large and random, 37 but some regions such as the cingulate gyrus seem to be more often involved than do others. 42 Also, archicortical structures such as the hippocampus, deep grey matter areas, 43 and the cerebellar cortex 44 are heavily involved. Focal cortical lesions are typically not seen on conventional MRI scans because they are small and have poor contrast with the surrounding normal grey matter, and because of partial volume eff ects from the CSF. A correlative MRI-pathology study has shown that many cortical lesions are invisible on MRI. 45 Therefore, those cortical lesions that are visible are only the "tip of the pathological iceberg" (fi gure 3). 45 The use of double inversion recovery sequences (panel) has improved the sensitivity of MRI to detect cortical lesions in vivo. 46 However, at present, inter-observer agreement in the assessment of these sequences is moderate, suggesting a need for increased consistency in acquisition protocols across centres. 47 With use of double inversion recovery sequences, cortical lesions have been detected in all the major clinical phenotypes of MS, including patients with clinically isolated syndromes suggestive of MS. 48 In these patients, the quantifi cation of cortical lesions at disease onset could help to identify patients at a high risk of Review evolution to defi nite MS. 49 Longitudinal studies have shown that new cortical lesions continue to form in patients with early relapsing-remitting MS and in those with progressive disease phenotypes over 1-2 year periods of follow-up. 50, 51 An association has been recorded between volume of cortical lesions at baseline and progression of disability after 2 and 3 years (r from 0·38 to 0·51). 50, 51 The number and volume of cortical lesions have also been correlated with the severity of cognitive impairment (r from -0·59 to 0·60). 52, 53 The use of ultrahigh-fi eld scanners is likely to improve our ability to image cortical lesions. By use of a 7·0 T scanner, Mainero and colleagues 54 identifi ed the three major lesion patterns described by pathologists (type I: leukocortical; type II: intracortical; and types III-IV: subpial extending partly or completely through the cortical layers). Dis seminated subpial increases in T2* signal in patients with MS, which might be indicative of the diff use subpial pathology described by neuropathologists, have also been described at 7·0 T. 55 MTI, DTI, and ¹H-MRS can provide accurate estimates of overall grey matter abnormalities and their modifi cations over time. 12, 56 Clearly, this includes not only diff use changes, but also (small) focal lesions and, as a consequence, future studies are warranted to disentangle the relative contributions of each of these pathological aspects. MRI studies have shown that the extent and distribution of grey matter damage are only partly related to the presence of focal and diff use abnormalities in white matter, suggesting that the processes at work in these two brain compartments are at least partly unrelated. 57 This notion confi rms data obtained previously by pathological analysis of MS brains. 21 The extent of grey matter damage varies substantially among the diff erent clinical phenotypes of the disease, being more severe in patients with the progressive form than in those with the relapsing form of the disease. 58, 59 Assessment of the involvement of strategic grey matter structures could help to explain defi cits in selective cognitive domains or specifi c disease-related symptoms, such as fatigue. Another mechanism that might explain the inter-patient variability of clinical manifestations is the presence and effi ciency of functional reorganisation, which can be imaged with functional MRI (fMRI).
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Brain atrophy
Progressive loss of brain volume is an important feature of MS pathology, leading to massive brain atrophy with widening inner and outer CSF compartments, especially in the progressive stage of the disease. However, reduction of brain volume by tissue degeneration is in part counteracted by increased brain volume owing to infl ammation and oedema. Thus, in treatment trials more extensive loss of brain volume is frequently present in early stages, indicative of decreased infl ammation and oedema (pseudoatrophy). 60 Brain atrophy has various potential pathological substrates, although their individual contributions to overall brain atrophy have not been identifi ed. Shrinkage of lesion volume can be predicted in the course of the maturation of white matter lesions because of loss of myelin, oligodendrocytes and axons, 61 and contraction of astrocyte volume, while maturating from protoplasmic gliosis in active lesions to fi brillary gliosis in inactive lesions. Atrophy of the normal-appearing white matter seems to indicate diff use axonal loss, in part caused by Wallerian degeneration, which is attributable to focal plaques in the white matter and cortex. As discussed above, diff use axonal damage and loss also occur in the normal-appearing white matter, independently of focal lesions. Neuronal and glial loss, as shown in cortical and deep grey matter lesions, is one possible substrate of grey matter atrophy. 62, 63 However, thinning of the cortical ribbon has also been recorded in areas devoid of demyelinated lesions and there neuronal loss is sparse or absent. Cortical atrophy was associated with a profound reduction in synaptic density, suggesting additional loss and atrophy of nerve cell processes and an impairment of cortical neuronal connectivity. 62 In patients with MS with diff erent disease phenotypes, brain volume quantifi ed from T1-weighted images decreases on average by about 0·7-1·0% per year. 64 Grey matter atrophy occurs in the early stages of the disease, 65 is associated with clinical disability 66 and cognitive deterioration, 67 and tends to worsen over time. 68 The severity and distribution of atrophy vary in the diff erent brain structures in diff erent phases of the disease.
69-71
Spinal cord
The spinal cord is a highly organised and clinically eloquent structure that is often aff ected in MS. In view of its well characterised anatomy, the spinal cord in patients with MS lends itself to quantitative neuropathology and thus is a useful model to assess the relations between infl ammation, demyelination, and axonal pathology. Results of a correlative study with MRI and histopathology showed that demyelination aff ects both the white and grey matter throughout the spinal cord in MS (fi gure 4). 72 Whereas the cervical cord is the site of the most severe burden of white matter pathology, grey matter demyelination is proportionally more extensive and widespread throughout the spinal cord than is white matter demyelination. 73 Typically, MS spinal cord lesions are less infl ammatory than lesions in the cerebral hemispheres and brainstem. 74 Remyelination is variable and can depend, to some extent, on the presence of infl ammation. 75 Axonal loss in functionally important tracts, such as the corticospinal and sensory tracts, seems to be diff use and size-selective (aff ecting mostly small fi bres). 76 The relation between demyelination and axonal loss is, however, surprisingly weak. 77 Diff use infl ammation in normal-appearing white matter and meninges could be an important contributor to axonal pathology. 78 Substantial loss of anterior horn cells occurs throughout the spinal cord in MS and might be linked to neighbouring infl ammation and demyelination. Spinal cord atrophy is most pronounced in the cervical cord, mainly resulting from loss of white matter rather than grey matter volume, and is not aff ected by local lesion size. 79 This suggests that spinal cord atrophy only partly indicates axonal loss secondary to their destruction in the lesions, but also refl ects diff use axonal demise in the entire normalappearing white matter. 78 This situation seems to be diff erent from neuromyelitis optica, in which lesions are much more destructive and larger.
Most in vivo MR studies of the spinal cord have been done with 1·0 or 1·5 T scanners, which might have aff ected the ability to detect involvement of grey and white matter. Spinal cord MRI is an important diagnostic instrument because focal lesions are common in early MS, and rare in other neurological diseases with nonspecifi c brain lesions, such as small vessel disease. 80 Involvement of the spinal cord can be asymptomatic and is even recorded in clinically and radiologically isolated syndromes. 81 It varies between patients, ranging from multiple focal lesions to confl uent areas of high T2 signal intensity. Intriguingly, results of a correlative MRI-pathological study at 4·7 T showed that MRI measures of spinal cord lesion load do not correlate well with clinical measures of disability and axonal loss. 82 In some patients, particularly those with primary progressive disease, diff use areas of increased T2 signal intensity throughout the spinal cord can accompany clinical disability; such abnormalities might be captured better by quantitative MR techniques such as MTI and DTI. The high sensitivity of MRI to MS-related injury in the spinal cord is counterbalanced by an absence of histopathological specifi city; 80 however, post-mortem MRI at 4·7 T has shown an excellent agreement with histopathology in detection of both grey and white matter lesions. 83 Spinal cord atrophy correlates well with concurrent measures of disability (r from -0·7 to -0·49). 84, 85 However, suboptimal spatial resolution has limited its sensitivity in detection of clinically relevant longitudinal changes in cord area. In concordance with pathological reports, the extent of cord atrophy on MRI is unrelated to spinal cord lesion load and is independent of brain lesions and brain atrophy. 86 
Optic nerve
At present, no correlative MRI-pathological study of the optic nerve exists. Additionally, few pathological studies of the optic nerve in MS have been done, despite the occurrence of optic nerve lesions in almost all patients with MS. 87 Pathological studies of the visual pathways show potential in terms of increasing our understanding of MS pathogenesis, owing to the unique features of optic nerve anatomy. For instance, why specifi c sites, such as the optic nerve, show a predilection to develop MS lesions is still unclear. Additionally, many questions regarding the presence of infl ammation and neurodegeneration in the retina, a structure that has no myelin, are unanswered. Progressive neurodegeneration, recorded in other CNS tracts, is less well described in the optic pathways, raising questions about the mechanisms of specifi c tract vulnerabilities.
In vivo imaging methods provide inferential data about optic nerve pathology, and when investigated in combination with clinical (visual function) and electrophysiological (visual evoked potential) measures, pathophysiological mechanisms can be explored. Optic coherence tomography measures retinal nerve fi bre layer thickness, and because the axons are unmyelinated, this measure provides evidence for axonal loss. Such studies in optic neuritis show variable axonal loss (mean about 20%), the extent of which is correlated with the degree of persistent visual dysfunction and cerebral atrophy on MRI. 88 Smaller amounts of loss of retinal nerve fi bre layer thickness are also recorded in patients with MS who have not had a previous episode of optic neuritis. 89 The optic nerve can be imaged using MRI. 90 Infl ammation in acute optic neuritis is inferred by enhancement of the symptomatic lesion and serial studies indicate that infl ammation per se contributes to the acute visual defi cit but has little eff ect on fi nal visual outcome. Demyelination in the symptomatic optic nerve lesion has been inferred from reductions in MTR and prolongation of visual evoked potentials. Both of these measures have shown a tendency to recover after an episode of optic neuritis, consistent with remyelination.
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Vascular pathology in the MS brain
As in other chronic infl ammatory diseases of the CNS, vascular pathology is profound in the brains of patients with MS, in particular in lesions but also in normalappearing white matter. 92 Infl ammation in active lesions is associated with upregulation of adhesion molecules and the expression of chemokines and their receptors on endothelial cells and partly in the perivascular space. Dysfunction of the blood-brain barrier is shown by changes in endothelial tight junctions. In chronic lesions, Review profound enlargement of the perivascular space and vascular fi brosis, shown by increased perivascular extracellular matrix proteins (vascular fi brosis), is common. 93, 94 However, the relation between infl ammation, bloodbrain barrier damage, and structural vascular pathology is complex. 9 In highly infl amed active MS lesions, infl ammation in general is associated with serum protein leakage, but damage to the blood-brain barrier is likewise recorded in many vessels that lack infl ammatory infi ltrates, suggesting increased endothelial permeability induced by proinfl ammatory cytokines released from infl ammatory cells within the plaques. In the progressive stage of MS, serum protein leakage from vessels is much less severe than in active lesions arising at early stages of the disease. Moderate serum protein leakage is, however, frequently recorded in vessels with perivascular fi brosis in the absence of infl ammation. Additionally, many vessels in slowly expanding lesions and in the normalappearing white matter are surrounded by infl ammatory infi ltrates in the absence of disturbance to the bloodbrain barrier. This situation is not only the case in parenchymal lesions but also in infl ammatory aggregates in the meninges. 95 Brain tissue perfusion in vivo can be assessed with MRI. Whereas enhancing lesions typically show increased perfusion, chronic MS lesions show decreased perfusion. 96 Widespread hypoperfusion in normal-appearing white matter and in cortical and deep grey matter has been recorded in patients with relapsingremitting MS and progressive MS. 97 
Future directions
Issues that should attract more attention in future MRI studies that aim to defi ne in vivo the pathological substrates of MS are: improvement of imaging specifi city, longitudinal assessment, high-resolution image acquisition, and combination of imaging methods. Advanced neuroimaging techniques that have the potential to resolve the heterogeneity of white matter lesions, normal-appearing white matter damage, and grey matter damage are also warranted. For example, some studies attempted to detect and quantify iron in vivo. Such techniques will have to be validated not only by direct histopathological assessment, but also by comparison with non-MRI methods (eg, x-ray fl uorescence, fi gure 1) that, unlike histopathology, are very sensitive and specifi c for visualising and quantifying all tissue iron, irrespective of its location, oxidation form, chemical ligands, or paramagnetic properties. 98 An aspect of focal MS lesions for which future correlative studies between MRI and pathology are urgently needed is remyelination. Pathological evidence suggests that the extent of remyelination between diff erent lesions is very heterogeneous, with some showing nearly complete remyelination and others (most) lacking. Some data provide evidence that remyelination can in principle be visualised by voxelwise MTR analysis, 99 T2-weighted highfi eld MRI imaging, 100 or PET. 101 How reliable these techniques are in a clinical setting is unclear. However, any clinical trials aimed at improving remyelination depend upon previous identifi cation of lesions that do or do not remyelinate spontaneously.
Another key issue is the need to track accurately changes from truly intact white and grey matter areas to damaged regions. Data for diff use CNS pathology in patients with early MS are still scarce, and data for the longitudinal evolution of normal-appearing white matter MRI metrics in patients with MS are incomplete. Crucial questions about normal-appearing white matter are how much its pathology contributes to the overall brain damage recorded in MS and how much is primary or secondary. An important advance in relating MRI and pathology in normal-appearing white matter would be the detection of such tissue undergoing infl ammation in vivo.
MRI scanners at ultra-high fi eld (≥ 7·0 T), when using the appropriate radio-frequency coils and intensity uniformity correction, aff ord advantages in signal-tonoise ratio, image contrast, and resolution. In vivo imaging at 7·0 T, for example, is safe, well tolerated, and able to provide high-resolution anatomical images allowing visualisation of structural abnormalities located within or near the cortical layers. Furthermore, in vivo ¹H-MRS can also benefi t from increased signal-to-noise at ultra-high fi eld, allowing accurate measurements of additional metabolites (glutathione, glutamate, GABA, and ascorbic acid) and thus possibly providing important insights into specifi c biological pathways to investigate the roles of neurodegeneration, tissue repair, and oxidative stress in MS. 102 Finally, the incorporation of non-conventional MRI techniques into ultra-high-fi eld clinical scanners and their combined use with other advanced neuroimaging techniques (ie, integrated PET-MRI) will probably be the most effi cient way to provide a more complete description of the dynamics responsible for pathological changes in this complex disorder.
Conclusions
This workshop, focused on the disciplines of neuropathology and neuroimaging in relation to MS, reached consensus on most of the questions investigated by
Search strategy and selection criteria
References for this Review were identifi ed through searches of PubMed with the search terms "multiple sclerosis", "MRI", "pathology", "post mortem", "lesions", "normal-appearing white matter", "grey matter", "spinal cord", and "optic nerve" from 1979 until December, 2011. Articles were also identifi ed through searches of the authors' own fi les. Only papers published in English were reviewed. The fi nal reference list was generated on the basis of originality and relevance to the broad scope of this Review.
Review recent studies. New methods and techniques must be developed in neuroimaging to come as close as possible to visualisation of pathologically defi ned structural abnormalities in the brains of patients with MS. This advance is a prerequisite to move into new areas, such as analysing large patient cohorts at diff erent stages of the disease and obtaining information about dynamic changes within lesions over time. These important aspects cannot be addressed by pathological studies. Additionally, many examples of new and unexpected fi ndings, obtained through MRI, have forced pathologists to reinvestigate their material and to describe new entities and interpretations. Important examples are most quantitative studies on lesion load in diff erent brain areas in comparison to clinical aspects and disease development, the detailed studies on neurodegeneration in MS lesions and normal-appearing white matter, the new defi nition of grey matter pathology in MS brains, and the focus on tissue abnormalities that precede the appearance of new white matter lesions. MRI measures with improved pathological specifi city provide an instrument to study in vivo the complete CNS involvement over time, allowing a glimpse of the complexity of the pathological puzzle combining to give clinical impairment over the decades-long trajectory of the disease. As discussed here, numerous open questions that have to be addressed remain, and controversies need to be resolved. The close collaboration and interaction between neuroimaging researchers and neuropathologists, which has developed during the past decade, will undoubtedly provide answers to questions raised by neurologists and lead to new insights relevant for understanding of MS mechanisms and monitoring of treatment in this disease.
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